Two essential residues playing critical roles in determining the substrate specificities of cytosolic glutamine synthetase (GS1) have been identified from the alignment of high-affinity (GLN1;1 and GLN1;4) and low-affinity (GLN1;2 and GLN1;3) GS1 isoenzymes in Arabidopsis, and confirmed by site-directed mutagenesis. The results indicated that either K49Q or A174S mutation is sufficient to increase the catalytic efficiencies of GLN1;3 by decreasing its K m values for ammonium. In contrast, replacement of Gln49 and Ser174 by lysine and alanine, respectively, was detrimental to glutamine synthetic activities in GLN1;4. The results suggested that Gln49 and Ser174 in the highaffinity GS1 isoenzymes are interchangeable with Lys49 and Ala174 in the low-affinity variants at the corresponding positions.
Glutamine synthetase (GS; EC 6.3.1.2) plays an essential role in nitrogen metabolism in both prokaryotic and eukaryotic organisms, catalyzing the formation of glutamine from glutamate and ammonium in an ATP-dependent reaction. In higher plants, the cytosolic form of GS (GS1) facilitates the assimilation of ammonium taken up from soils or from symbiotic nitrogen fixation, and the plastidic form (GS2) serves for re-assimilation of ammonium released from the photorespiratory cycle in leaves (Blackwell et al. 1987 , Wallsgrove et al. 1987 , Ireland and Lea 1999 . The GS1 gene family consists of several isoenzymes regulated differentially by light, supply of inorganic nitrogen, carbohydrate and by plant hormones (Sakakibara et al. 1996 , Oliveira and Coruzzi 1999 , Gómez-Maldonado et al. 2004 , Ishiyama et al. 2004a , Ishiyama et al. 2004b . Furthermore, our recent study on knockout mutants demonstrated a critical role for the rice GS1 isoenzyme, OsGS1;1, in ammonium assimilation which may contribute essentially to plant growth and reproduction (Tabuchi et al. 2005) .
Regarding the enzymatic properties of plant GS1 isoenzymes, OsGS1;1 (OsGLN1;1) and OsGS1;2 (OsGLN1;2) of rice have been characterized as high-affinity subtypes exhibiting low K m values for ammonium ranging between 20 and 80 µM (Ishiyama et al. 2004a ). GS1 isoenzymes in maize and pine were also categorized in the same group (Sakakibara et al. 1996 , de la Torre et al. 2002 . In contrast to monocots and trees, Arabidopsis contained unique forms of GS1 showing extremely low affinity for ammonium (Ishiyama et al. 2004b ). Four GS1 isoenzymes were expressed in Arabidopsis roots, and were classified into two groups. GLN1;1 and GLN1;4 were the high-affinity forms and exhibited low K m values comparable with those calculated for the rice GS1. In contrast, the K m s for ammonium were calculated to be between 1 and 3 mM for GLN1;2 and GLN1;3. The affinities of GS1 isoenzymes for ammonium apparently differed by two orders of magnitude between the two groups. Besides the regulation of gene expression, the enzymatic properties of individual isoenzymes were suggested to be critical for the homeostatic control of glutamine synthesis in Arabidopsis roots (Ishiyama et al. 2004b) .
The alignment of GLN1;1, GLN1;2, GLN1;3 and GLN1;4 from Arabidopsis showed at least 83.6% identities of protein sequences (Fig. 1) . To identify potential amino acids that determine the catalytic functions of high-and low-affinity isoenzymes of Arabidopsis GS1, the residues commonly found in the pair GLN1;1 and GLN1;4, but not in both GLN1;2 and GLN1;3, were selected from the alignment. Ile8/Val8, Gln49/ Lys49, Lys140/Asn140 and Ser174/Ala174 were found to fulfil these criteria. Among them, Gln49/Lys49 and Ser174/ Ala174 (Fig. 1 , yellow shading) were suggested to affect the ammonium binding specificities, according to the occurrence of residues having negatively charged or polarized side chains, Gln49 and Ser174, in the high-affinity isoenzymes GLN1;1 and GLN1;4 (Fig. 1) . As a result, Gln49/Lys49 and Ser174/Ala174 were selected as targets for the site-directed mutagenesis in the further experiments.
In order to prove whether the interconversion of amino acid residues at positions 49 and 174 affects the affinities of GS1 for ammonium, site-directed mutagenesis was performed using GLN1;3 and GLN1;4 as representatives of low-and high-affinity enzymes, which exhibited relatively higher specific activities (Ishiyama et al. 2004b ) and stabilities (data not shown) than the other GS1 isoenzymes. K49Q and A174S mutations in GLN1;3, and conversely Q49K and S174A in GLN1;4, respectively, were created by introducing single base substitutions in the corresponding codons as described in Materials and Methods. The mutagenized fragments were amplified and assembled to generate full-length coding sequences by combinatorial PCR. The mutant form GS1 enzymes were named GLN1;3_K49Q_A174S, GLN1;3_K49Q, GLN1;3_A174S, GLN1;4_Q49K_S174A, GLN1;4_Q49K and GLN1;4_S174A, according to the replacements of the residues at positions 49 and 174. The original and mutant form GS1 enzymes were overexpressed in Escherichia coli HB101 as 6×His-tagged proteins, and purified according to the method described in our previous report (Ishiyama et al. 2004b) . Coomassie blue staining of SDS-polyacrylamide gels indicated that a 40 kDa single polypeptide band that corresponds to the molecular size of the GS1 subunit is purified to near homogeneity (Fig. 2) .
The kinetic constants for ammonium were determined for GLN1;3, GLN1;3_K49Q, GLN1;3_A174S and GLN1; 3_K49Q_A174S purified enzymes (Table 1 ). The capacity for glutamine synthetic activity was evaluated with the calculated k cat /K m value, which reflects the catalytic throughput of free enzyme at low substrate concentrations and represents the catalytic efficiencies. K49Q and A174S mutations increased the affinity for ammonium by approximately 3-fold; however, this increment was not doubled by introducing both mutations. The k cat values of both single and double mutants were not changed Fig. 1 Alignment of the deduced amino acid sequences of four cytosolic glutamine synthetases in Arabidopsis. The locus numbers of GLN1;1, GLN1;2, GLN1;3 and GLN1;4 are At5g37600, At1g66200, At3g17820 and At5g16570, respectively. Amino acid residues that are different between the high-affinity (GLN1;1/GLN1; 4) and low-affinity (GLN1;2/GLN1;3) isoenzymes are shaded (positions 49 and 174 in yellow, and positions 8 and 140 in gray). The numbering of amino acid residues for each Arabidopsis GS1 polypeptide is indicated on the right. Dots indicate the residues identical to those in the GLN1;1 sequence. Dashes indicate gaps introduced to maximize the sequence similarities. Blue and orange asterisks indicate the residues identical to those involved in formation of ammonium-and glutamate-binding pockets, respectively, at the active site of Salmonella typhimurium GS (Eisenberg et al. 2000) . The sequence alignment was performed by using T-COF-FEE (http://www.ch.embnet.org/software/ TCoffee.html).
from those of the original GLN1;3 enzyme (Table 1) . As a result, the k cat /K m values for ammonium were significantly increased in the three variants, GLN1;3_K49Q (16.6 ± 2.4 mM -1 s -1 ), GLN1;3_A174S (19.9 ± 3.4 mM -1 s -1 ) and GLN1;3_K49Q_A174S (15.6 ± 3.3 mM
), as compared with the original GLN1;3 enzyme (5.5 ± 1.1 mM -1 s -1 ).
In contrast, replacement of Gln49 and Ser174 by lysine and alanine caused detrimental effects on the glutamine synthetic activities of the high-affinity isoenzyme, GLN1;4 ( Table  2 ). The k cat /K m for ammonium was 6.8 times higher in the original form GLN1;4 (26.5 ± 9.9 mM -1 s -1 ) than in the double mutant, GLN1;4_Q49K_S174A (3.9 ± 0.7 mM -1 s -1 ), reflecting the differences in the K m values ( Table 2 ). The GLN1;4_Q49K variant exhibited a relatively high K m (453 ± 40 µM), while k cat was increased by this single mutation, making its k cat /K m value still higher (3.1-fold) than that of the double mutant (Table 2 ). In addition, both the K m and k cat values of the other single mutant, GLN1;4_S174A, were similar to those of the original form GLN1;4 (Table 2 ). These results indicated that the occurrence of either Gln49 or Ser174 is sufficient to retain substantial specificities for ammonium and catalytic efficiencies of glutamine synthesis. The classification of GS1 isoenzymes in Arabidopsis by the differences in K m s for glutamate generally corresponds to their ammonium specificities; GLN1;1 and GLN1;4 exhibit rel- Fig. 2 Purification of GS1 mutant enzymes. The original form (GLN1;3 and GLN1;4) and mutant form GS1 enzymes (GLN1; 3_K49Q_A174S, GLN1;3_K49Q, GLN1;3_A174S, GLN1; 4_Q49K_S174A, GLN1;4_K49Q and GLN1;4_S174A) were overexpressed in E. coli as 6×His-tagged proteins, and purified to near homogeneity. A 500 ng aliquot of purified recombinant GS1 proteins was separated by SDS-PAGE, and visualized by Coomassie blue dye binding methods. Table 1 The kinetic properties of GLN1;3 mutants
Values are presented as means ± SEs (n = 3). a Purified enzyme was incubated in a 0.1 ml assay mixture as described in Materials and Methods. A 500 ng aliquot of enzyme was used for the GS enzyme assays. One katal of GS activity was defined as 1 mol of glutamine synthesized per second at 30°C. K m and V max values were calculated by Eadie-Hofstee equations.
. c The relative ratio of k cat /K m was calculated based on the value of GLN1;3 and is indicated in parentheses.
GLN1;3 1,333 ± 145 4.17 ± 0.64 7.10 ± 0.54 7.02 ± 0.55 5.5 ± 1.1 (1.0) 1.8 ± 0.4 (1.0) GLN1;3_K49Q 450 ± 57 3.20 ± 0.15 7.23 ± 0.28 6.59 ± 0.41 16.6 ± 2.4 (3.0) 2.1 ± 0.1 (1.2) GLN1;3_A174S 334 ± 84 3.20 ± 0.36 6.19 ± 0.66 7.97 ± 1.12 19.9 ± 3.4 (3.6) 2.5 ± 0.2 (1.4) GLN1;3_K49Q_A174S 456 ± 62 2.40 ± 0.15 6.83 ± 1.05 8.08 ± 0.25 15.6 ± 3.3 (2.8) 3.4 ± 0.3 (1.9) Table 2 The kinetic properties of GLN1;4 mutants
Values are presented as means ± SEs (n = 3). a The experiments and the calculation of K m and V max values were carried out as described in Table 1 .
molecular weight of the enzyme (g)]×10
-6
. c The relative ratio of k cat /K m was calculated based on the value of GLN1;4_Q49K_S174A and is indicated in parentheses.
GLN1;4 120 ± 29 0.67 ± 0.10 2.96 ± 0.57 4.18 ± 0.20 26.5 ± 9.9 (6.8) 6.5 ± 1.9 (3.1) GLN1;4_Q49K 453 ± 40 1.14 ± 0.18 5.33 ± 0.32 4.96 ± 0.58 12.3 ± 1.2 (3.1) 4.6 ± 1.2 (2.2) GLN1;4_S174A 119 ± 24 0.83 ± 0.03 2.16 ± 0.10 2.29 ± 0.13 20.2 ± 5.9 (5.2) 2.8 ± 0.2 (1.3) GLN1;4_Q49K_S174A 736 ± 104 1.43 ± 0.20 2.81 ± 0.48 2.97 ± 0.21 3.9 ± 0.7 (1.0) 2.1 ± 0.3 (1.0) atively higher affinity for glutamate than GLN1;2 and GLN1;3, while the differences of K m values for glutamate between the two distinct groups of isoenzymes are rather limited compared with those for ammonium (Ishiyama et al. 2004b ). The effects of mutations at positions 49 and 174 on glutamate specificities were investigated, using the same purified enzymes of mutagenized GS1 variants (Table 1 , 2). As for the GLN1;3 variants, the K m for glutamate was decreased by introducing Gln49 and Ser174, although the effect was relatively smaller than the changes in ammonium specificities (Table 1) . As described above, either the K49Q or A174S mutation was sufficient to increase the affinity for ammonium in GLN1;3. In contrast, the effects of these mutations were additive when the K m values were calculated for glutamate ( Table 1) . As a result, the increase of k cat /K m became pronounced when both residues were changed to those in the high-affinity isoenzyme (Table 1; GLN1;3_K49Q_A174S). Comparison of the double mutant with GLN1;3_K49Q and GLN1;3_A174S suggested that the Ser174 residue is primarily essential for the improvement of catalytic efficiency, and Gln49 additionally functions to increase the glutamate specificity in the presence of Ser174 (Table 1) . A functional difference of Gln49 and Ser174 was also evident for the GLN1;4 variants. Q49K increased the K m and S174A decreased the k cat for glutamate, respectively ( Table 2) . As evaluated from the differences of k cat /K m between the single and double mutants, S174A substantially affected the catalytic efficiency, and Q49K caused supplementary effects in the presence of Ser174. The k cat /K m was only slightly decreased by the Q49K mutation when the amino acid residue at position 174 was replaced by alanine (Table 2) .
In the present study, we identified the amino acid residues that can distinguish the substrate specificities of high-and lowaffinity GS1 isoenzymes in Arabidopsis. Two essential residues, Gln49 and Ser174, in the high-affinity isoenzyme were deduced from the alignment of protein sequences (Fig. 1) , and were experimentally confirmed to have significance in altering the catalytic specificities of GS (Table 1 , 2). To date, critical residues defining the kinetic properties of GS have never been identified except for the substrate-binding sites that are highly conserved in all species (Eisenberg et al. 2000) . Site-directed mutagenesis analyses of GS1 in Phaseolus vulgaris reported the significance of Asp56 and Glu297, representing the conserved residues in the catalytic center Márquez 1999a, Clemente and Márquez 1999b) . In addition, the glutamine synthetic activity was influenced by mutation of Cys92, which is conserved in both prokaryotic and eukaryotic GS (Clemente and Márquez 2000) . The existence of two types of GS1 isoenzymes in Arabidopsis (Ishiyama et al. 2004b) allowed us to identify Gln49 and Ser174 as critical residues determining the substrate specificities. The results presented in this study clearly indicated that the occurrence of either Gln49 or Ser174 is required for the high-affinity glutamine synthetic activities of GS1 in Arabidopsis (Table 1 , 2). Rice has three GS1 homologs (Ishiyama et al. 2004a , Tabuchi et al. 2005 . Among them, two isoenzymes, OsGS1;1 (OsGLN1;1) and OsGS1;2 (OsGLN1;2), were demonstrated to have high substrate affinities (Ishiyama et al. 2004a ) comparable with those of GLN1;1 and GLN1;4 in Arabidopsis (Ishiyama et al. 2004b) . The amino acid residues at positions 49 and 174 in rice GS1 isoenzymes were Lys49 and Ser174 for OsGS1;1, and Gln49 and Ala174 for OsGS1;2, respectively. This supports the idea that the existence of Gln49 or Ser174 is sufficient to fulfill the substrate specificities of the high-affinity variants of plant GS1.
Materials and Methods
The GLN1;3_K49Q_A174S mutant was created by two-step PCR. To introduce K49Q and A174S mutations, GLN1;3 cDNA was first amplified by PCR using the primer sets GLN1;3-OF (5′-CC-GGTACCCAGATGTCTCTGCTCTCAGATCTCGTTA-3′) and GLN1; 3_K49Q-OR (5′-TCCACTTGGGAAGCTGTGATGGATCAGT-3′); GLN1;3_K49Q-OF (5′-ACTGATCCATCACAGCTTCCCAAGTGGA-3′) and GLN1;3_A174S-OR (5′-TTGTAGTGAGAATCCACAATGT-CACGAC-3′); and GLN1;3_A174S-OF (5′-GTCGTGACATTGTGG-ATTCTCACTACAA-3′) and GLN1;3-OR (5′-CCGTCGACTCAAC-CGAGTATGGTCGTCTCAGCG-3′). These primary PCR products were mixed, and re-amplified with GLN1;3-OF and GLN1;3-OR primers to generate the full-length coding sequence of GLN1; 3_K49Q_A174S. The KpnI and SalI sites (italicized in the primer sequences) were attached on the 5′ and 3′ ends of the coding region. The nucleotides for K49Q and A174S mutations are underlined in the primer sequences. The GLN1;4_Q49K_S174A mutant was created from GLN1;4 cDNA by the same procedure except that the primer sets used for the primary PCR were GLN1;4-OF (5′-CCGGTACCCAGATGTCTTCA-CTTGCAGATTTAATCAATC-3′) and GLN1;4_Q49K-OR (5′-TCCA-TTTCGGTAACTTCGATGGATCCGT-3′); GLN1;4_Q49K-OF (5′-ACGGATCCATCGAAGTTACCGAAATGGA-3′) and GLN1;4_S174A-OR (5′-TTGTAATGAGCATCAACGATGTCTCTTC-3′); and GLN1; 4_S174A-OF (5′-GAAGAGACATCGTTGATGCTCATTACAA-3′) and GLN1;4-OR (5′-CCGTCGACTCATGGTTTCCAAAGGATTGT-GGATTCA-3′). Italicized and underlined sequences indicate the KpnI and SalI restriction sites for cloning and the nucleotides for Q49K and S174A mutations, respectively. The GLN1;3_K49Q single mutant was created by using the primer sets GLN1;3-OF and GLN1;3_K49Q-OR, and GLN1;3_K49Q-OF and GLN1;3-OR, for the primary PCR. GLN1;3_A174S, GLN1; 4_Q49K and GLN1;4_S174A single mutants were created using the primer sets that generate the mutations at either amino acid position 49 or 174 accordingly.
PCR was performed using KOD plus DNA polymerase (Toyobo, Tokyo, Japan). The amplified coding sequences of mutant form cDNAs were cloned into pCR-Blunt II-TOPO (Invitrogen, Carlsbad, CA, USA) and fully sequenced to confirm the mutations. The cDNA inserts were digested, and the KpnI-SalI DNA fragments were inserted into the KpnI and SalI sites of pQE2 (Qiagen, Hilden, Germany) to produce the 6×His-tagged fusion constructs. Expression and purification of recombinant GS1 enzymes were performed as described previously (Ishiyama et al. 2004b ). The original and mutant form GS1 proteins were purified to a 40 kDa single band on a Coomassie bluestained polyacrylamide gel.
The GS activity of the recombinant GS1 enzyme was quantified by measuring L-glutamine synthesized from ammonium and L-glutamate. The GS enzyme assay was performed in a 0.1 ml reaction mixture containing 100 mM Tricine-HCl (pH 7.8), 40 mM Lglutamate, 6 mM ammonia (diluted from ammonia solution), 7 mM ATP, 20 mM MgSO 4 , 8 mM 2-mercaptoethanol and 500 ng of each recombinant enzyme (Ishiyama et al. 2004b) . Glutamine was quantified as an AccQ derivative on HPLC (Waters, Milford, MA, USA) (Ishiyama et al. 2004b) . One katal of GS activity was defined as 1 mol of glutamine synthesized per second at 30°C. The kinetic properties were calculated by Eadie-Hofstee equations.
